Introduction
============

Certain settling decisions result in the formation of clusters of kin in space. Two primary mechanisms underlying the formation of these associations in adult kin are (1) philopatric tendencies and (2) kin associations ([@b67]; [@b62]). In the former, kin clustering is merely a biproduct of the common preference of related individuals to settle in proximity to their natal territory ([@b22]). This drive allows individuals to maximize advantages associated with site familiarity ([@b73]; [@b49]; [@b4]). Conversely, kin associations are direct efforts by animals to surround themselves with other genetically similar individuals. By doing so, the emergence of within-group cooperative and altruistic behaviors is facilitated ([@b52]; [@b33]) and opportunities for kin selection are enhanced ([@b39]; [@b38]). Interactions between kin can result in numerous benefits including increased survivorship ([@b27]), local recruitment ([@b63]), and reproductive success ([@b2]; [@b37]). Philopatry and kin associations are by no means mutually exclusive and it is even suggested that natal philopatry is a precursor for the emergence of kin associations ([@b22]).

In recent years, due to the increased accessibility of genetic markers, the spatial structuring of kin, that is, genetic-spatial autocorrelation (GSA), has been shown to be widespread across various animal taxa; from mammals ([@b20]; [@b64]; [@b12]), to arthropods ([@b10]; [@b29]; [@b66]), to birds ([@b46]; [@b58]). Given the philopatric nature of female waterfowl ([@b17]; [@b13]), it is expected that colonially nesting species, for example, common eiders (*Somateria mollissima*) and red-breasted mergansers (*Mergus serrator*), exhibit some degree of GSA ([@b43]). Kin associations have also been reported to occur among certain waterfowl ([@b2]; [@b37]); and accordingly, such behaviors should also contribute to the presence of GSA ([@b67]; [@b34]; [@b68]; [@b62]). Kin associations within a colony are expected to result in genetic structuring at the local scale ([@b62]); however fine-scale GSA is not an exclusive indicator of this phenomenon. The presence of (1) high levels of intracolonial relatedness and/or (2) extreme philopatric tendencies, will also produce this signal ([@b67]; [@b62]). In the first case, fine-scale GSA can occur randomly if there is a high level of background relatedness ([@b18]). For example, this was believed to have occurred among greater white-fronted geese (*Anser albifrons frontalis*) where nests of kin are occasionally found in tight clusters ([@b18]). High intracolonial relatedness can result from a high proportion of females with philopatric tendencies ([@b22]; [@b50]). Second, the extent of the philopatric tendencies exhibited by colonial females will have consequences on the degree of GSA observed ([@b67]; [@b62]). For instance, first-order relatives (i.e., mother--daughter or sister --sister) exhibiting fidelity to a particular site (e.g., a nest bowl) would result in a stronger, more acute signal of GSA than females returning merely to a given region. While the manifestations listed above may not be easily deconfounded, complementing observations of fine-scale GSA with other ecological data, specifically that of brood synchrony, can bring greater meaning to its interpretation by further qualifying the relationships between kin (i.e., not just with respect to geographical distance).

The red-breasted merganser (*M. serrator*) is a medium-size sea duck that breeds across the Holarctic range. Strong philopatric tendencies of breeding females have been reported for colonial populations, including on Tern Islands (TIs) at Kouchibouguac National Park, New Brunswick through mark-and-recapture studies (R. D. Titman, pers. comm., see appendix of [@b14]). While, it is therefore expected that at least some degree of genetic structuring exists ([@b43]), the extent and scale at which this occurs is currently unknown. Furthermore, the potential presence of kin association between nesting females remains untested.

The main objective of our study is to examine patterns of spatial-genetic organization among nesting hens on the TIs at various scales. Using a multivariate approach, we first assessed the degree of genetic structuring with respect to the island females were nesting on (i.e., broad scale). Second, we examined the correlation between the geographic and genetic distances between nesting females (i.e., local scale). Finally, in order to assist with our interpretation of GSA, we measured the timing of a female\'s nesting activities and related these observations to both the geographic and genetic distances to nearby females. To our knowledge, this is the first study to (1) look at the levels of genetic structuring with a red-breasted merganser colony and (2) examine GSA directly in conjunction with the synchronization of nesting activities.

Methods
=======

Field collection
----------------

The TIs consists of two small barrier islands: Tern Island A (TI-A) and Tern Island B (TI-B) ([Fig. 1](#fig01){ref-type="fig"}). Field data were collected during June and July 2008. Systematic searches were conducted on a weekly basis throughout the incubation period to locate as many nests as possible. Red-breasted merganser nests are lined with vegetation and plucked feathers and are situated primarily in marram grass (*Ammophila breviligulata*) ([@b5]; [@b15]). The coordinates of each nest were recorded using a global positioning system (GPS model eTrex, Garmin Ltd., Olathe, KS, USA). The incubation stage (d) of each nest was assessed by floating eggs as described by [@b71] (1950) and the final clutch sizes of each nest were recorded. Efforts to trap females commenced only in the final quarter of the incubation period to minimize risk of nest abandonment. Females were captured using nest traps ([@b70]) and from each captured bird, a 0.25 cc blood sample was collected from the ulnar vein and deposited in a heparinized Vacutainer® (BD, Franklin Lakes, NJ, USA). Each Vacutainer was labeled accordingly and eventually stored at --20°C. Once a nest was deemed inactive (i.e., either due to success in hatching, predation, or abandonment), four to eight contour feathers were recovered from the bowl, placed in a small envelope, and stored at 4°C.

![The study population of nesting red-breasted mergansers was located on a series of small barrier islands, collectively known as the Tern Islands (TIs), situated in Kouchibouguac National Park, New Brunswick, Canada. Field data collection was carried out in the summer months of 2008. The ESRI shapefiles were obtained from GeoBase (<http://www.geobase.ca/>).](ece30001-0107-f1){#fig01}

Lab protocol
------------

DNA extraction protocols for both blood and feather samples were initiated approximately 6 months after they had been collected. The extraction and precipitation of DNA from blood samples was conducted using a DNeasy® Blood and Tissue Kit (QIAGEN) and from each sample 10 µl of blood was used. Procedures were carried out in accordance with the manufacturer\'s recommendations with the exception to having used (1) a PBS solution with pH = 7.4 as opposed to pH = 7.2 and (2) an extended incubation period of 30 min after step 2 of the protocol. The protocol for extraction and precipitation of DNA from feathers was based on the phenol--chloroform method described by [@b53].

Eight primer pairs were used in the polymerase chain reactions (PCR): *Aph08, Aph13*, *Aph15*, *Aph20*, *Aph24*, *Mm01*, *Mm04*, and *Hhiµ5*; the forward primer of each pair was tagged with one of the following fluorescent labels: 6FAM, VIC, NED, or PET (Applied Biosystems). PCRs were carried out using a PTC-200 thermocycler (MJ research Inc.). Each reaction had 100 ng of DNA, 0.25 µM each of forward and reverse primer, 2 µM of MgCl~2~, and a total reaction volume of 25 µl. All primers were processed under the same thermal-cycling regime: initialization (94°C for 2 min), 40 cycles of denaturation (94°C for 15 s), annealing (50°C for 15 s), and elongation (72°C for 30 s); and an extended elongation period (72°C for 30 min). The products obtained from the PCR were subsequently resolved using an ABI-3730XL DNA Analyzer (Applied Biosystems).

Analysis of genetic diversity
-----------------------------

Allelic frequencies, Hardy--Weinberg equilibria (HWE) (using Markov chain method with default parameters), and linkage disequilibrium were calculated using Genepop 3.1 ([@b51]). Because no microsatellite primers developed specifically for the *M. serrator* genome are currently available, our genetic analysis was limited to the use of heterologous primers. Deviations in HWE, specifically an excess of homozygosity, can be indicative of the presence of nonamplifying alleles ([@b44]). Nonamplifying alleles can be prevalent especially when using heterologous primers, and if there is a paucity of detectable allelic variability, their presence may obscure the analysis ([@b44]). Therefore, in our study, an HWE-deviated locus was required to have at least three detectable alleles before it was integrated into our approximation of genetic distances.

A rarefaction analysis, using the [@b48] (1989) coefficient of relatedness, was employed to assess the consistency of the estimates of relatedness. Queller & Goodnight\'s coefficient of relatedness (*R*) is a pairwise estimate of kinship obtained by first weighting alleles by their respective frequencies so that the rarer an allele, the greater its weight. The coefficient of relatedness of individual *x* to individual *y* can be defined as: where *n* is the total number of loci, *m* is total number of allelic positions (i.e., 2 for diploid organisms), *P*~*i*,*j*~ is the population frequency of the allele at the *i*th locus and the *j*th allelic position in individual *x*, *P*(*x*)~*i*,*j*~ is the frequency of that allele within individual *x* (i.e., either 0.5 for heterozygotes or 1 for homozygotes), and *P*(*y*)~*i*,*j*~ is the frequency of that allele in individual *y* (i.e., either 0, 0.5, or 1). This index is asymmetrical as *R*~(*x*,*y*)~≠*R*~(*y*,*x*)~ and therefore in order to obtain symmetrical pairwise coefficients, the numerator and denominator values from [Equation (1)](#m1){ref-type="disp-formula"} for *R*~(*x*,*y*)~and *R*~(*y*,*x*)~were summed prior to division. The rarefaction algorithm consisted of the following steps: (1) randomly sample (without replacement) a set of microsatellites; (2) calculate relatedness based solely on that marker; (3) randomly sample an additional marker; (4) recalculate relatedness using both markers; (5) calculate the absolute value of the difference between the estimates produced in step 2 and 4; and finally (6) repeat steps 1--5 until all markers have been sampled. This algorithm was repeated 1000 times and the means differences between each estimate were calculated. This procedure was carried out using the web-based analysis tool, RE-RAT (<http://people.musc.edu/~schwaclh/>).

Analysis of GSA
---------------

Nest densities on each island were calculated by dividing the number of nests on an island by its total area (m^2^). Our measurement of area was based on the island\'s perimeter and was computed using ArcGIS (ESRI Inc.). Euclidean distances were calculated between nests using geographic coordinates (UTM). The Euclidean distance between two points is defined bywhere (*x~a~*, *y~a~*)are the *x*- and *y*-coordinates of nest *a*, and (*x~b~*, *y~b~*)are the *x*- and *y*-coordinates of nest *b*, respectively. The multivariate approach described by [@b61] (1999) was employed as a measure of genetic distance between nesting females. At a given microsatellite locus with four alleles (*A*, *B*, *C*, *D*), the distance between two individuals is defined as: *d*(*AA*, *AA*) = 0; *d*(*AB*, *AB*) = 0; *d*(*AA*, *AB*)= 1; *d*(*AB*, *AC*) = 1; *d*(*AB*, *CD*) = 2; *d*(*AA*, *BC*) = 3; *d*(*AA*, *BC*) = 4. Pairwise distances were first calculated for each locus separately and then summed across all loci. Factors that influenced our selection of this coefficient included its preestablished compatibility with multivariate statistics as well as its precedence in similar studies that explored GSA among colonial waterfowl (e.g., [@b62]). One risk associated with the use of this coefficient is that errors, arising from the presence of nonamplifying alleles, are inflated because the distances between homozygous pairs are scored as greatest. We feel that this risk has been minimized given our criteria for reducing the likelihood of nonamplifying alleles in our dataset (see above) and that the advantages of using this particular coefficient outweigh such risks. The above genetic distances were assembled into a matrix and integrated into a principal coordinate analysis (PCoA) in order to assess patterns of genetic variation across the islands. An ordination diagram was produced by plotting the first two eigenvectors against each other. Additionally, a single-linkage cluster analysis of the first two principal coordinates was carried out and superimposed onto the ordination diagram. By doing so, the distances between objects were further resolved.

The detection of GSA on each island was achieved using a Mantel correlogram ([@b28]). The Mantel correlation coefficient (*r*) behaves similar to other correlation coefficients and ranges from --1 to 1. Positive coefficients indicate the presence of clustering, while negative coefficients indicate dispersion between objects. This technique partitions geographic and genetic distance matrices into numerous subdistance classes (based on only one of the distance matrices) and calculates the Mantel correlation coefficient (*r*) for each pair of corresponding submatrices, thereby facilitating the detection of nonlinear trends in the data ([@b10]; [@b60]). The distance classes, by which these submatrices are defined, constitute an important user-defined aspect of this analysis; depending on the classes selected, different patterns of correlation may be observed. In an effort to facilitate additional comparisons, we selected distance classes of 10-m intervals. In order to remove dependence on normality, all tests were based on the Spearman rank statistic. The significance of *r* was determined by comparing the reference value to a distribution of 9999 values, which were generated from random permutations of the data. The null hypothesis tested was that the associations described in the real dataset are just as likely to be found in randomly generated data. [@b24] (1979) correction for multiple testing was applied and a critical value of α= 0.05 was used.

Nesting synchrony
-----------------

Dates were converted into Julian days; 1 May was arbitrarily designated as day 1. Incubation-initiation dates for each nest were calculated by subtracting the recorded incubation stage from the date on which it had been assessed. Nest-initiation dates were estimated by subtracting the reported laying interval for red-breasted mergansers (1.5 d) times the total number eggs from the estimated incubation-initiation date ([@b65]). However estimates of nest initiation were only back-dated to a maximum of 18 d (1.5 × 12 eggs) assuming that nests with ≥13 eggs had been parasitized as per the criterion used by [@b15].

Mean dates of nest initiation and incubation initiation for the entire colony were computed and compared between each island using the Kruskal--Wallis rank-sum test ([@b59]). The null hypotheses were that the mean nest-initiation date and incubation-initiation date were equal across islands. Significance of the test statistic was assessed using a critical value of α= 0.05. The degree of shared explanatory power between the two covariates was assessed by first regressing one against the other and then calculating the coefficient of determination (*R^2^*). Either of these covariates can be justified as a proxy for nesting synchrony. However, given the objectives of this study, we carried out our analyses using incubation initiation as it seemed to be a more fitting measurement of the overlap of nesting activities.

Mantel correlograms were used to assess the degree of correlation between (1) incubation initiation and genetic distance ([@b61]) and (2) incubation initiation and geographic distance. The former was used to further qualify the relationship (i.e., with respect to the synchronization of nesting activities) between the nesting females whose genetic distances were known, while the latter provided an indication of the degree of nesting synchrony occurring throughout the entire colony. Because the use of Mantel correlograms requires comparison of two distance matrices, the Euclidean distances ([Equation \[2\]](#m2){ref-type="disp-formula"}) between nesting females, on the basis of their incubation-initiation dates, were computed also using [Equation (2)](#m2){ref-type="disp-formula"}. Distance matrices were partitioned into submatrices of 3-d and 10-m intervals for tests (A) and (B), respectively. The tests were based on the Spearman rank correlation coefficient and the significance of the test statistic was assessed using 9999 random permutations, Holm\'s corrections, and a critical value of α= 0.05.

Unless otherwise specified, all calculations were carried out using the open-source statistical software R ver. 2.10.1 (<http://www.r-project.org/>); Mantel tests and correlograms were computed using the package VEGAN ver. 1.17-2.

Results
=======

Field and lab protocol
----------------------

Altogether, 88 nests were located across the TIs. The incubation status was calculated for 75 nests and genetic material was obtained from 60 nesting females. Considering the extensive nature of the search effort, it is very likely that most nests were found. Of 42 DNA samples originating from blood, 33 (79%) were successfully genotyped. In contrast, only six (33%) of 18 DNA samples from feathers were amplified successfully. Therefore, a total of 39 individuals, corresponding to approximately 44% of the total number of nests detected, were genotyped across all eight microsatellite loci. A schematic diagram of the spatial distribution of discovered and genetically sampled nests is presented in [Fig. 2](#fig02){ref-type="fig"}.

![A schematic representation of the red-breasted mergansers nesting on the TIs. The nesting density of TI A (left-hand side) and TIs B (right-hand side) was 0.005 and 0.002 nest/m^2^, respectively. Of the 88 nests discovered, a total of 39 (44.3%) were successfully genotyped (represented by solid circles).](ece30001-0107-f2){#fig02}

Analysis of genetic diversity
-----------------------------

The total number of alleles, observed heterozygosity (*H*~O~), expected heterozygosity (*H*~E~), as well as the probability that the null hypothesis (i.e., there no deficiency of heterozygotes) is true for each locus is presented in [Table 1](#tbl1){ref-type="table"}. All loci except for *Aph08* and *Aph24* were found to have heterozygote deficiencies. As the number of alleles found at loci *Aph15* and *Hhiµ5* were below the chosen threshold of 3 (see above), they were excluded from subsequent analyses. None of the loci were found to be in linkage disequilibrium.

###### 

The total number of alleles, observed heterozygosity (*H*~O~), and expected heterozygosity (*H*~E~) for each microsatellite locus. All loci except for *Aph08* and *Aph24* have heterozygote deficiencies (in italics). Loci *Aph15* and *Hhiµ5* were excluded from subsequent analyses due to their lack of allelic variability

  Primer name   Number of alleles   *H*~O~   *H*~E~   Prob. (*H1*= heterozygote deficiency)   GenBank accession number   Publication
  ------------- ------------------- -------- -------- --------------------------------------- -------------------------- -------------
  Aph08         5                   0.62     0.63     0.506                                   AJ515887                   [@b31]
  *Aph13*       *6*                 *0.64*   *0.77*   *0.009*                                 *AJ515889*                 --
  *Aph15*       *2*                 *0.00*   *0.44*   *0.000*                                 *AJ515890*                 --
  *Aph20*       *4*                 *0.46*   *0.48*   *0.001*                                 *AJ515895*                 --
  Aph24         6                   0.44     0.50     0.071                                   AJ515899                   --
  *Mm01*        *5*                 *0.18*   *0.23*   *0.017*                                 *AY679118*                 [@b19]
  *Mm04*        *13*                *0.36*   *0.82*   *0.000*                                 *AY679121*                 --
  *Hhiµ5*       *2*                 *0.00*   *0.05*   *0.014*                                 *AF025903*                 [@b8]

The Queller & Goodnight coefficients of relatedness were calculated for each pair of nesting females within the colony, and the mean estimate of relatedness was --0.026 ± 0.281 (SD). Rarefaction analysis showed that with each additional locus, both the mean difference and variance between estimates of relatedness decreased dramatically ([Fig. 3](#fig03){ref-type="fig"}). The addition of more loci would further reduce inconsistencies in the estimated coefficients, albeit by miniscule amounts. Therefore, while our estimates of relatedness and genetic distance are not precise, obtaining a proxy of relatedness was of greater importance to the objectives of this study. Thus, we consider that the level of precision obtained is satisfactory.

![A rarefaction analysis depicting the relationship between the number of loci used and the resultant [@b48] estimate of relatedness. Each point represents the mean difference between current estimate of relatedness and the one previous to it; the bars represent the standard deviation. A total of 1000 permutations were used to generate these data.](ece30001-0107-f3){#fig03}

Analysis of GSA
---------------

The density on TI-A and TI-B was 0.05 and 0.02 nests/m^2^, respectively. The cumulative proportion of variance in the genetic data accounted for by the first three principal coordinates is 0.539. Patterns of genetic structuring in relation to a female\'s island of origin were identified ([Fig. 4](#fig04){ref-type="fig"}). Proximities between points (i.e., nesting females) in this diagram are approximations of their genetic distances; the closer together they are in ordination space, the more genetically similar they are.

![Two-dimensional PCoA ordination diagram. The proportion of variance explained by the first two principal components is 0.265 and 0.139, respectively. In this figure, the positions of the objects (i.e., nesting females) in relation to one another are approximations of their genetic distances. The measure of genetic distance used in the PCoA was that described by [@b61]. The results from single-linkage cluster analysis are superimposed onto this ordination plot (represented by dotted lines) as an additional means for assessing the associations between objects.](ece30001-0107-f4){#fig04}

Weak, yet significant, GSA was detected on TI-A ([Table 2A](#tbl2){ref-type="table"}). Specifically, females nesting within 10--20 m from one another on that island were found to be more related to each other than expected by chance (*r*= 0.174, *N*= 32, corrected *P*-value = 0.028). No significant correlations, at any of the distance intervals tested, were found on TI-B (corresponding correlograms are given in [Fig. 5A](#fig05){ref-type="fig"}).

###### 

The distance intervals, number of pairwise observations within a given interval, Mantel correlation coefficients (*r*), and associated *P*-values for the distances being compared. The probabilities were generated using 9999 random permutations of the data and all *P*-values were corrected for multiple testing using Holm\'s method. A critical value of α= 0.05 was required before rejecting the null hypothesis. Only the first three distance classes of each test are shown here as there were no significant or marginally significant values detected beyond this. The units of measurement for both (A) and (C) are meters while that for (B) is days

                                                                                     Distance interval (DI)   No. observations   Mantel correlation (*r*)   *P*-value (corr.)
  ---------------------------------------------------------------------------------- ------------------------ ------------------ -------------------------- --------------------------------------------
  \(A\) Geographic distance versus genetic distance (*n*= 39); DI in (m)                                                                                    
  TI-A                                                                               \[0--10\[                12                 0.016                      0.405
                                                                                     \[10--20\[               32                 0.174                      0.028[\*](#tf2-3){ref-type="table-fn"}
                                                                                     \[20--30\[               34                 0.043                      0.534
  TI-B                                                                               \[0--10\[                34                 0.040                      0.333
                                                                                     \[10--20\[               18                 −0.011                     0.665
                                                                                     \[20--30\[               24                 −0.018                     0.998
  \(B\) Incubation-initiation date versus genetic distance (*n*= 37); DI in (d)                                                                             
  TI-A                                                                               \[0--3\[                 72                 0.026                      0.367
                                                                                     \[3--6\[                 46                 0.046                      0.653
                                                                                     \[6--9\[                 82                 −0.034                     0.980
  TI-B                                                                               \[0--10\[                122                0.030                      0.482
                                                                                     \[10--20\[               76                 0.046                      0.064
                                                                                     \[20--30\[               58                 −0.087                     0.661
  \(C\) Geographic distance versus incubation-initiation date (*n*= 75); DI in (m)                                                                          
  TI-A                                                                               \[0--10\[                82                 −0.006                     0.455
                                                                                     \[10--20\[               96                 0.103                      0.022[\*](#tf2-3){ref-type="table-fn"}
                                                                                     \[20--30\[               100                0.067                      0.139
  TI-B                                                                               \[0--10\[                78                 0.091                      0.049[\*](#tf2-3){ref-type="table-fn"}
                                                                                     \[10--20\[               36                 0.150                      0.000[\*\*\*](#tf2-1){ref-type="table-fn"}
                                                                                     \[20--30\[               54                 0.132                      0.001[\*\*\*](#tf2-2){ref-type="table-fn"}
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![The Mantel correlograms for TI-A and TI-B. Significant distance intervals are emphasized with a solid point in the diagram. A null correlation is represented by a solid red line in each panel. The corresponding figures to these panels are presented in [Table 2](#tbl2){ref-type="table"}. Significant values were determined by generating 9999 random permutations of the data and all *P*-values were corrected for multiple testing using Holm\'s method. A critical value of α= 0.05 was applied.](ece30001-0107-f5){#fig05}

Nest-initiation and incubation synchrony
----------------------------------------

Over the entire colony, the mean nest-initiation date was 7 June (range = 15 May--15 July) and, on average, incubation began approximately 13 d later; no significant differences in either of these variables were found across the islands ([Table 3](#tbl3){ref-type="table"}). The proportion of variance (*R^2^*) for "nest-initiation" date accounted for by "incubation-initiation" date was 0.896 implying that there is a high proportion of shared information between them (*b*= 1.317, *P*-value ≤ 0.000).

###### 

Mean dates of nest initiation and incubation initiation for red-breasted mergansers across the TIs. The days were transformed into Julian days using 1 May as day 1. In both tests, the null hypothesis, stating that the variable did not differ between islands, could not be rejected. A critical value of α= 0.05 was used

  Variable name                Mean of TI-A   Mean of TI-B   Kruskal--Wallis (χ^2^)   df   *P*-value
  ---------------------------- -------------- -------------- ------------------------ ---- -----------
  Nest-initiation date         36.25          38.78          0.719                    1    0.396
  Incubation-initiation date   49.63          51.23          0.405                    1    0.524

There was no spatial structuring detected between genetic-distance and incubation-initiation date across any of the intervals tested on either of the two islands ([Table 2B](#tbl2){ref-type="table"}; [Fig. 5B](#fig05){ref-type="fig"}) (*n*= 37; two samples lost because of missing incubation data).

Unlike the comparison with genetic distance, significant positive Mantel correlations were detected between geographic distance and incubation-initiation date across the entire colony (*n*= 75) ([Table 2C](#tbl2){ref-type="table"}; [Fig. 5C](#fig05){ref-type="fig"}). On TI-A, positive correlations were observed between females nesting within 10--20 m from one another (Mantel *r*= 0.103, *N*= 96, *P*-value = 0.022). This trend was more extensive on TI-B where synchrony was detected between those within a 0--30 m distance interval (i.e., consisting of three contiguous intervals) ([Table 2C](#tbl2){ref-type="table"}).

Discussion
==========

Genetic-spatial autocorrelation
-------------------------------

Our study revealed some degree of genetic structuring among females in relation to where they nested, despite the close proximity of the two islands ([Fig. 4](#fig04){ref-type="fig"}). Positive fine-scale spatial autocorrelation of kin was revealed with this colony, albeit at low frequencies and only on the more densely populated TI-A ([Fig. 5A](#fig05){ref-type="fig"}). Such trends on TI-B were absent.

The colony-scale structuring observed suggests that certain females, along with their brood mates, prefer to nest on their islands of origin. Such inferences are further supported by numerous field observations (R. D. Titman, unpubl. data). Exhibiting fidelity to one\'s natal island may be a rule-based mechanism to maximize the likelihood of choosing good-quality nesting and brood-rearing habitat ([@b55]). In several species, juvenile experience can serve as a basis for future settling decisions ([@b6]; [@b40]; [@b56]).

The strength of fine-scale GSA is expected to be weak ([@b62]). Interference with the signal of GSA can be the result of ecological and/or sampling-related factors. Ecological factors include: (1) constraints on nest-site selection and (2) mechanism of recognition. In the first case, constraints on nest-site selection can diminish the presence of GSA, since where an animal nests has important fitness consequences resulting from access to resources and varying degrees of exposure to predation, brood parasitism, and the elements ([@b11]). It is known that vegetation type and structure, in fact, have a strong influence on nest-site selection in this colony of mergansers ([@b15]). The second factor is only applicable where GSA is attributed to the presence of kin associations. Kin associations require that the individuals involved are capable of recognizing each other ([@b69]; [@b2]). If mechanisms of kin recognition are based on familiarity as opposed to phenotype matching (e.g., [@b45]; [@b67]), females may actually be attempting to nest in proximity to brood mates and not siblings, *per se*. Therefore, the presence of high rates of intraspecific brood parasitism within a colony may disrupt the signal of GSA, since not all of one\'s neighbors are necessarily first-order kin. This consideration is noteworthy because brood parasitism within the TIs can reach up to 40% in some years ([@b75]). Alternatively, sampling-related interference may have resulted from (1) our underlying assumption that the females (or feathers) apprehended from a given nest are endemic to it and (2) a paucity of genetic samples obtained from nests. While it cannot be discounted as a possibility that the signal on TI-B was lacking due to the sampling efforts (i.e., only approximately 40% of nests were sampled across the colony), it is noteworthy that there are not even vague patterns of positive correlation observed within the correlogram for that island ([Fig. 5A](#fig05){ref-type="fig"}). In any case, as the ratio of sampled verse unsampled nests on both islands was virtually the same, it could be reasoned that the degree of structuring on TI-B, if any at all, is much less than on TI-A. One possible explanation for why no GSA was detected in the 0--10 m distance interval might relate to our finding that no nesting synchrony exists between kin (see discussion below). If this is the case, proximally nesting kin most probably colonized a given area in multiple waves. As a function of time, the vacancy of suitable nest sites will be reduced due to the nesting efforts of non-kin and thereby posing a heightened constraint to how close together kin are able to settle.

As stated in the introduction, the detection of fine-scale GSA is ecologically inconclusive. Extreme philopatry, high intracolonial relatedness, and kin associations are three possible phenomena, which the clustering of kin at the local scale can be attributed to. [@b62] (2010) were able to disqualify the possibility that extreme philopatry was the mechanism underlying the local-scale clustering of kin in colonies of Pacific common eiders (*S. m. v-nigrum*). They reasoned that because of the seasonal instability of nests caused by perpetual movements of driftwood, the likelihood that females exhibit fidelity to a particular bowl is minimal. Instead, the patterns of association they observed could more likely be attributed to the presence of kin associations ([@b62]). While it was observed in our study that at least some females exhibited fidelity to their natal island, the results are contrary to what is expected if every female had the proclivity to return to a specific natal site (i.e., *extreme philopatry*), namely that fine-scale GSA was only detected on TI-A. Therefore, the patterns of GSA observed within the TIs are unlikely to be solely the result of extreme philopatry. Furthermore, due to the permutation-based statistical methods employed in our study, the assessments made had effectively accounted for the likelihood of observing a given pattern of the spatial distribution of nests. Consequently, the possibility that the pattern observed is only an artifact of high levels of intracolonial relatedness can be largely discounted.

The third tentative factor that may contribute to the detection of GSA is the presence of kin associations. Feasible forms of kin association within this colony include: (1) lowered aggressive tendencies toward neighboring kin; (2) prehatch brood amalgamation (pre-HBA); (3) posthatch brood amalgamation (post-HBA); and (4) cooperative defense. Reduced agonism between kin can be important in the recruitment of related individuals into a given area ([@b32]; [@b23]), especially under high-density conditions where the frequencies of interaction between individuals are high ([@b62]). Generally speaking, it has been demonstrated that the greater the proximity between neighbors, the greater their vulnerability to thievery ([@b72]), cannibalism ([@b7]; [@b74] and references therein), and brood parasitism ([@b52]; [@b35]); presumably as a function of increased nest access. Most relevant to the TIs is likely to be intraspecific brood parasitism (i.e., pre-HBA), which is incidentally known to have occurred at some of the highest rates known among ground-nesting waterfowl ([@b75]). Aggression toward foreign females would be expected if brood parasitism has a negative effect on host fitness (e.g., [@b36]) and under such circumstances, both recognition and discriminatory behavior toward kin would serve as adaptive traits ([@b1]; [@b30]). Under such a scenario, by helping kin to obtain a nearby nesting territory, the costs associated with parasitism are offset by inclusive fitness obtained from either (1) the offspring that are reared directly by the recruited individual or (2) as a result of increased level of relatedness to parasitic eggs. While a higher level of relatedness between donors and recipients has been described in some populations of goldeneyes (*Bucephala clangula*) ([@b2]) and common eiders ([@b3]; [@b68]), the relationship between the two in this colony of red-breasted mergansers has yet to be described. The prospect that females on the TIs exhibit increased tolerance toward related females is intriguing, although with no direct line of support. However, the observation that positive GSA was prominent only on TI-A, which also had the higher nesting density, is consistent with the hypothesis that there is an increased tolerance by females toward kin who are attempting to establish adjacent nests. Conversely, the prospect of kin-based post-HBA in this colony has not been well explored. Aside from a few accounts (e.g., [@b9]; [@b26]), the evidence that a higher degree of relatedness exists between nonparental females and the young they are tending, has not been well substantiated. Instead, more evidence seems to implicate accidental fusion ([@b21]; [@b54]) and abandonment ([@b47]; [@b41]; [@b25]) as the two principal factors driving adoption and post-HBA. [@b42] (2005) showed explicitly that female relatedness was not a factor influencing patterns of brood amalgamation among eider hens. This assertion cannot be made here, as the possibility of relatedness being a factor is unclear. While on one hand, there was a lack of incubation synchrony observed between kin ([Table 2C](#tbl2){ref-type="table"}), the brood-rearing period of red-breasted mergansers is known to be long (≈7 weeks) and amalgamated broods of mixed cohorts have been observed (S. R. Craik, pers. obs.). Finally, the possibilities of kin-based cooperative defense operating within this colony are discussed below.

Nesting synchrony
-----------------

In this study, we report synchrony of incubation between close-nesting females throughout the entire colony ([Table 2C](#tbl2){ref-type="table"}), albeit not necessarily amongst kin ([Table 2B](#tbl2){ref-type="table"}). While these observations are consistent with the hypothesis presented above that females are engaging in a cooperative-defense strategy (i.e., through deliberate synchronization of nesting activity), it cannot be ruled out that the synchrony observed is in fact just a biproduct of the gradual thawing of suitable habitat.

Nesting in groups has several defensive advantages including benefits from (1) the vigilance and predator-detection abilities of group mates; (2) the defensive actions taken against predators by group mates; and (3) predator satiation from the offspring of group mates ([@b57]; [@b34]). Synchronizing breeding with neighboring females essentially maximizes the period of nesting overlap and, therefore, simultaneously maximizes the period of time when such advantages are obtained ([@b57]). Even though the payoff from this type of cooperative behavior is augmented if directed toward kin ([@b39]) (and is for all forms of cooperation), if females are surrounded by a significant proportion of nonrelated neighbors, it may then be best to pursue this strategy apart from considerations of genetic relatedness. Furthermore, constraints such as obtaining a sufficient accumulation of endogenous reserves may be more critical to a female\'s reproductive success as she is deciding when to initiate nesting ([@b16]).

Conclusion
==========

Our findings support the hypothesis that spatial-genetic organization exists among the red-breasted merganser hens in this colony. Based on this analysis, it appears that organization is present both at the regional (i.e., across islands) and fine scale (i.e., between neighboring nests); however the latter was only detected in the more densely populated regions of the colony. Currently, no concrete inferences about the mechanisms driving these patterns can be made. While our results are compatible with the hypothesis that at least some of the fine-scale GSA observed within this colony is a product of an increased level of tolerance among kin, this needs to be investigated in further depth using data from additional years and other colonies. Similarly, while we have found that proximally nesting females exhibit synchronized incubation periods over the entire colony, it cannot be stated for certain that this is deliberately implemented as a part of a cooperative defensive strategy. Although the inferences that can be made based on our results are limited, a solid framework for future research addressing spatial-genetic structuring, both within and outside of this system, has been established.
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